This paper presented a methodology for the analysis and design of steel connections under a double-span connection within the context of preventing progressive collapse. First, various connection models were described and their pros and cons were provided. Then, the load-displacement characteristics of a component-based spring model were described. Thirdly, an experimental study on the behaviors of shear tab connections under tension was presented. The main sources of the deformation capacity of the shear tab connections were identified. Finally, a design example of a shear tab connection was provided to illustrate the methodology.
Introduction
Progressive collapse is referred to a localized failure, due to an unexpected event such as an accidental blast, causes the failure of adjoining structural elements, which in turn spread further resulting in the collapse of the entire structure or a disproportionally large part of it. Since the collapse of World Trade Centre twin towers in 2001, structural design to resist progressive collapse has garnered tremendous attentions from civil engineering community. The DoD guideline [1] was the very first rigorous criteria on the design of buildings to resist progressive collapse. A recent Canadian standard [2] also reflected many new developments in this field. Both direct and indirect approaches to resist progressive collapse have been outlined in these guidelines with various levels of details and effectiveness.
The alternate load path method, a direct design approach where in a build-ing's integrity and robustness are assessed under a condition of instantaneous loss of a column or a wall, has become a commonplace in the design of buildings to resist progressive collapse. In this methodology, a building is mainly subjected to service gravitational loads while one of the columns is assumed to be removed ( Figure 1 ). The design objective is to ensure that the building structure is capable of bridging the resulting double-span condition in order to arrest the local failure.
Traditionally, steel connections are designed for a shear force only (for a simple connection) or a shear force plus a bending moment (for a semirigid or rigid connection). The rotational ductility demand for the connections is not greater than 0.03 radians under gravity loads [3] and not greater than 0.05 radians under earthquake events [4] . However, under a double-span condition, the primary strength action on the affected connections is catenary tensile force (as shown in Figure 1 ) and the moment and shear actions become secondary, while the rotational ductility demand on the connections could reach as large as 0.10 radians
[5] [6] . In particular, a shear or semi-rigid connection is usually the weakest link in the loading path of bridging the removed column. Thus, the robustness design of the connections plays a critical role to the overall integrity of the structure. Gong [6] was among the first to point out that the supply of connection ductility is at the core of connection robustness design. Gong [6] further suggested that the capacity design principle, a method commonly adopted in seismic design, should be applied to connection detailing for ductility supply.
This paper is the continued efforts by the authors on the nonlinear modelling of connections in the context of robustness design of steel structures. First, this paper presents a general component-based model for steel connections. Next, an experimental and numerical study on shear tab connections are provided as an example on how to obtain the strength and stiffness of connection components.
Finally, an analysis and design example is given on a shear tab connection under the removal of a middle column.
Analytical Models of a Steel Connection
A simple or semi-rigid steel connection will be loaded well into its inelastic stage under a double-span condition. On the one hand, as the weakest link in the load path, the steel connection could be loaded to a failure mode of material rupture.
On the other hand, in order to facilitate the development of a catenary action among the bridging beams, it is necessary to design the steel connection such that it is capable of undergoing large inelastic deformation before failure. Thus, a connection model must capture the plastic behaviors of the connection.
There are three types of analytical models for a connection. The first one is 
Component-Based Connection Model
A component-based model uses springs to capture various sources of displacement from connection components. The methodology was originated in Europe and is gaining acceptance in North America. 
Component Spring Model
In Section 2.1, a connection is modeled by several parallel uniaxial springs. A priori knowledge about the mechanical properties of the spring, i.e., the relationship between its deformation Δ and its force T, is needed for the analysis of the steel connection.
In general, apiece-wise linear curve, as shown in Figure 3 , can be adopted for the T-Δ curve, where T y and T u are the tensile yielding and the ultimate strength of the spring, respectively, with Δ y and Δ u being their corresponding tensile deformations. Beyond Δ u , the falling segment represents the stage of propagation how to obtain such a curve.
Shear Tab Connections
In this section, a study to obtain the force versus deformation curve of shear tab connections is used to illustrate the typical behaviors of steel connections. As shown in Table 1 , a pure tension test of ten shear tab connection specimens is conducted herein. Figure 4 shows the design of the specimens. The connection geometry adopted typical north American practice. The tab plate was welded to a 50 mm thick anchoring plate, which was in turn fixed to a loading head during tensile test. Each specimen was named a unique ID as follows: the first letter T represents tab connection, followed by the thickness of the tab in mm, then the edge distance of the bolt holes, then the number of bolt columns, and the last, the specimen number. For example, specimen T95-45-1a had a tab thickness of The observed failure modes are shown in Figure 5 . The measured specimen strengths and deformations are provided in Table 1 . The load-deformation curves of typical specimens are given in Figure 6 . As expected, the welds and finite element model is developed to mimic the tested specimens. Then, the verified finite element model is used to conduct a parametric study to expand the database of the test results, including taking into account the combined effect of shear load and tensile force.
The finite element software package Abaqus is used for this study, with Abaqus/standard used as the analysis engine [7] . The three-dimensional brick element with eight nodes is used. The material properties included elastic modulus E = 200 GPa, Poisson's ratio of 0.3, the calibrated initial fracture strain as a function of triaxiality, and the calibrated damage evolution criterion as a function of the plastic displacement of an element. Figure 7 illustrates that the finite element model is capable of replicating the two failure modes. In the figure, only one-half of the specimens was required to be reproduced due to the symmetry of the specimens. The finite element models allow the accurate measurement of bearing and necking deformations. More details about the finite element model ling will be reported in another paper. 
Analysis Example of a Shear Tab Connection

Summary and Conclusions
The beam-to-column shear connections are the weakest link of a floor system to bridge are moved column known as a double-span scenario. To develop a catenary action within the double-span beams under the sagging of the floor, the connections must be capable of sustaining large axial deformation in addition to the rotation. A nonlinear connection model is required for evaluating the demands on the steel connections. To this end, this study presented a component-based spring model, which is also able to capture the interaction between the axial and rotational deformations of the connections. An experimental study on shear tab connections were conducted, and finite element models were verified in order to expand the test data. The obtained load versus deformation curves were applied to an analysis example. The presented procedure is applied to the robustness design of steel building frameworks using alternate path method [1] .
